This work combines lock-in vibrothermography experiments and a stabilized inversion algorithm to characterize vertical cracks. The ability of the method to retrieve square cracks at increasing depths is analyzed by inverting synthetic data with different levels of white noise. Moreover, the minimum distance between square defects in order to be resolved is determined as a function of depth. Inversions of experimental data obtained at low intensity ultrasound excitation in samples containing calibrated defects confirm the predictions of inversions performed with synthetic data.
Introduction
Vibrothermography is a non-destructive evaluation technique in which the sample is excited by means of ultrasounds. At the defects, mechanical energy transforms into thermal energy that diffuses inside the sample and produces a surface temperature distribution that can be measured by an infrared (IR) camera. In previous works [1] we calculated the temperature distribution corresponding to modulated closed vertical cracks and developed an inversion algorithm to retrieve the shape and location of heat sources from lock-in vibrothermography data [2] . In this work we analyse the accuracy of the reconstructions of square vertical cracks at increasing depths by inverting synthetic data with added white noise. Moreover, we determine the minimum distance between two equal square cracks for them to be resolved as a function of their depth. The predictions of inversions from synthetic data are confirmed by inverting experimental lock-in vibrothermography data obtained in metallic samples containing calibrated defects.
Direct and inverse calculations
We consider two square (side Li) and homogeneous (power density Q) heat sources modulated a frequency f, with centres at y-coordinates bi, and submerged distances di from the sample surface. They are contained in plane Π (x = 0) perpendicular to the surface (z = 0) and cover a total area Ω, in a semiinfinite sample of thermal conductivity K and diffusivity D. The surface temperature distribution can be written as [1]:
We solve the ill-posed inverse problem introducing a position dependent heat source distribution,
, and perform the integration in Eq. (1) in the whole Π plane.
 is a characteristic function whose value is 1 within area Ω and zero elsewhere. We tackle the inversion as a minimization problem. Given its ill-posed character, the inversion is stabilized with Total Variation regularization.
Inversion of synthetic data
Using Eq. (1) we have generated synthetic data corresponding to single, centered square heat sources buried at different depths with 5 % added white noise. Figure 1 shows the normalized plot of Ω reconstructions, of squares of side L (red contour). Accurate reconstructions are obtained for depths down to 2 L. http://dx.doi.org/10.21611/qirt.2014.059
In order to analyse the capability of the method to retrieve separate reconstructions of two equally buried squares we have inverted synthetic data with 5% added white noise corresponding to two squares buried 0.2, 0.6, 1.2, 1.6, 2, 2.6, 3.2mm, and different separation between centers. In figures 2a and 2b we show such reconstructions for a depth on 1.6 mm and center separations of 2.8 and 3.4 mm. We set the resolution limit when the value of Ω between reconstructed maxima is 0.3. Accordingly, squares in figure 2a (2b) are not resolved (are resolved). Figure 2c represents minimum distances between centers (black lines) and squares configurations (white contours) for two squares to be resolved. Dark gray (light gray) areas represent the locations for resolvable (non-resolvable) defects with 5% noise. 
Experiments
The predictions of figures 1 and 2 have been checked by inverting data obtained on metallic samples containing calibrated heat sources. The sample consists of two AISI 304 stainless steel parts with a flat common surface where one or two thin (38 µm) Cu slabs of known dimensions are placed. The parts are joined by screws. When ultrasounds are launched, friction occurs between the steel parts and the Cu films. We use a UTvis equipment from Edevis and a JADE J550M IR camera from Cedip. To prevent sample from being damaged, we use low excitation power (< 40 W) and analyse a high number of images in order to improve the signal to noise ratio. In figure 3 we show inversions from experimental data with the Cu slabs located as indicated in red contours (depth of 0.2 mm in upper and 1.6 mm in lower figures). Figures 3a and 3c correspond to non resolvable distances between centers (1.15 mm and 2.5 mm) and 3b and 3d to distances (2 mm and 5 mm, respectively) where resolution is expected. The results in figure 3 confirm the predictions about spatial resolution and are very promising regarding the characterization of vertical cracks from lock-in vibrothermography data.
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